Live imaging studies in mice show that adult-born oligodendrocytes and myelin are remarkably stable. Neural activity enhances oligodendrocyte integration, arguing that internode addition rather than alteration represents the mechanism for any experience-dependent cortical myelination changes that might underpin learning.
Live imaging studies in mice show that adult-born oligodendrocytes and myelin are remarkably stable. Neural activity enhances oligodendrocyte integration, arguing that internode addition rather than alteration represents the mechanism for any experience-dependent cortical myelination changes that might underpin learning.
Advances in our understanding of tissue stem cell biology have revealed how cell addition and turnover occurs in various tissues. In the brain, stem cells able to generate new neurons are found only in a few restricted locations, leading to the view that the great majority of brain cells are essentially stable throughout life. At odds with this view, however, is the widespread presence throughout the brain of proliferating oligodendrocyte precursor cells (OPCs) exhibiting the self-renewing properties of stem cells and the ability to generate new oligodendrocytes throughout life. These cells are abundant, representing 5% of total cell number. What then is the fate of oligodendrocytes generated by these cells? Do they form myelinating oligodendrocytes, and would the cells and the myelin sheaths (internodes) they might form then turn over or change in size (i.e., remodel) over time? What is the function of any new myelin formed? The importance of these questions is underscored by recent studies showing that new oligodendrocytes contribute to motor learning-conditional deletion of a gene required for OPC differentiation reduces the ability of mice to learn a complex motor task (McKenzie et al., 2014) . This work does not, however, determine whether these new oligodendrocytes form myelin or how any such myelin might improve learning. A better understanding of adult-born oligodendrocytes and any new myelination may therefore reveal fundamental insights into the ability of the brain to respond to experience-in other words, to learn. Definitive answers to these questions about the fate of adult-born cells cannot easily be obtained from experiments on post-mortem tissue that examine a single time point. Recent advances in live imaging of the brain now allow serial measurements, and two recent studies using this technology yield clear and surprising answers by following oligodendrocytes and myelin in the mouse cortex throughout life. Hughes et al. (2018) performed live imaging in the superficial layers of mouse somatosensory cortex using fluorescent proteins to repeatedly image OPCs, oligodendrocytes, and myelin for up to 50 days in young (2-4 months), middle-aged (10-14 months), and old (18-24 months) mice. While the overall number of OPCs remained constant, mature myelinating oligodendrocytes gradually increased with age. Lineage tracing OPCs demonstrated that most newly formed oligodendrocytes in the middle-aged cortex fail to generate myelin and ultimately die-only 22% survived, integrated, and formed internodes. Once integrated, individual oligodendrocytes generated no further myelin internodes nor retracted pre-existing internodes. Analysis of established internodes also demonstrated little remodeling. Over an imaging period of 50 days in middle-aged mice, only 1% of the internodes exhibited growth or shrinkage in length. To ask how neuronal activity might alter oligodendrocyte dynamics, Hughes et al. (2018) examined the effects of sensory enrichment on existing and new oligodendrocytes. Exposing mice to cages with hanging strings of beads, enhancing somatosensory cortex input, had no effect on the remodeling of existing internodes yet led to a significant increase in the number of newly integrated oligodendrocytes and, consequently, the number of new myelin internodes. These results indicate that the principle way in which myelination in the cortex responds to neural activity is by the integration of new oligodendrocytes rather than remodeling existing internodes.
Separately, Hill et al. (2018) performed live imaging in layer I of mouse somatosensory cortex using label-free SCoRe microscopy to identify individual oligodendrocytes and internodes. The key findings were in agreement with Hughes et al. (2018) ; oligodendrocyte and internode number gradually increased throughout life. Once integrated, oligodendrocytes were very stable, with no new internodes generated or lost. The level of remodeling within individual internodes was slightly higher than reported by Hughes et al. (2018) , with 19%-23% of internodes changing in length over 30 days of imaging in 2-3 month mice. This apparent discrepancy may reflect the younger age examined by Hill et al. (2018) , but even in these still developing animals, the great majority of internodes show no remodeling once formed. In mice over 2 years of age (a time point not examined by Hughes et al., 2018) , some reduction in oligodendrocyte and internode number was seen in association with myelin degeneration, with debris accumulation in microglia.
Together, these beautifully executed live imaging studies demonstrate clearly that myelination in the cortex is a lifelong process (Figure 1 ). New oligodendrocytes are formed continuously and either die or integrate, producing new internodes. Integration is enhanced by neural activity. Once formed, and irrespective of time of differentiation, cortical oligodendrocytes and their internodes are remarkably stable. Length changes occur in only a small percentage of internodes and then only early in life; by 1 year of age, internodes appear essentially static, although it should be noted that neither live imaging study examined myelin thickness. Internode loss is very rare until extreme old age, at which time degeneration and engulfment of myelin by microglia is seen-an interesting observation in the context of age-related cognitive decline.
The stability of internode number mirrors results in zebrafish showing that individual oligodendrocytes form their internodes within a few hours and that little subsequent change in number is seen (Czopka et al., 2013) . This result, together with the unchanging length of the majority of internodes, has important implications for an exciting area of current myelin research-the hypothesis that plasticity within oligodendrocytes and their internodes modifies axonal conduction in response to neuronal activity, thus contributing to changes in circuit function that underpin learning. This hypothesis is based on work in human and mouse (reviewed by Sampaio-Baptista and Johansen-Berg, 2017). Magnetic resonance imaging of humans learning complex motor tasks shows changes in axonal tracts reflective of increased myelination. In mice, reduced myelination of the prefrontal cortex induced by social isolation, manifesting as impaired social behavior, can be rescued by a drug increasing oligodendrocyte differentiation. Also in mice, the formation of new oligodendrocytes improves learning a complex motor task and increasing neuronal activity enhances OPC proliferation, differentiation, and myelin thickness (Mitew et al., 2018) . The evidence from Hughes et al. (2018) that sensory stimulation enhances oligodendrocyte integration and thus increases internode numbers adds strong evidence to this persuasive hypothesis.
It also, as stated above, shows that the principal effect of neural activity on myelination in the cortex is on the integration of newly formed oligodendrocytes rather than on the length of existing internodes.
How though might these additional internodes enhance circuit function? The addition of new internodes to these axons could potentially alter conduction; however, the sparse and discontinuous nature of myelination of cortical axons means that the addition of a few internodes may not be sufficient for continuous rapid saltatory conduction, where the action potential jumps between the nodes of Ranvier in the small gaps between adjacent internodes. It may be that small changes in velocity resulting from occasional stretches of axon allowing saltatory conduction are sufficient to engage new circuits by changes in neuronal synchronization; both modeling studies and in vivo recordings are required to determine the predicted and actual outcomes of the observed changes to any discontinuously myelinated axons. An alternative explanation for the function of additional internodes is that they are required for metabolic support. Myelin internodes provide metabolic support for the underlying axon by acting as a conduit for the transport of pyruvate and lactate, thus driving the Krebs cycle and ATP production within the axon (F€ unfschilling et al., 2012) . The activation of new circuits within the cortex following novel or enhanced experience might therefore lead to metabolic demand in specific axons, with consequent enhanced energy requirements met by the addition of new internodes. In such a model, there will be no requirement for continuous myelination. While the current view is that this metabolic function of myelin provides protection against long-term axonal degeneration, were internodes formed with sufficient speed it would be plausible that they contribute to circuit plasticity if their metabolic functions were essential for sustaining the required axonal conduction. Preventing metabolic support provided by internodes of newly integrated oligodendrocytes would test this possible role of adult myelination.
In future experiments addressing the links between myelination and learning, it will be important to consider oligodendrocyte heterogeneity. The traditional view that all oligodendrocytes are the same is over simplistic (reviewed by Dimou and Simons, 2017) ; single-cell RNA-sequencing studies and experiments comparing the lengths of internodes formed by cortical and spinal cord oligodendrocytes on artificial fibers show that subpopulations of oligodendrocytes differ in their pattern of gene expression and in their intrinsic capability to myelinate. The live imaging studies examined the superficial layers of the cortex, a region where many axons are discontinuously myelinated. The behavior of oligodendrocytes in the continuously myelinated white matter tracts in brain and spinal cord may be different. One such difference may be the extent of internode remodeling. While the live imaging studies showed little internode remodeling in the cortex, studies in mice showing thickening of existing internodes (more myelin wraps) following increased activity in the ensheathed axon (Mitew et al., 2018) , or lengthening of individual internodes once an adjacent neighbor is ablated in zebrafish spinal cord (Auer et al., 2018) , show that white matter internodes can exhibit plasticity in response to local signals. Together, these studies suggest a model in which myelin plasticity occurs through different region-specific mechanisms. Increased activity of cortical axons results in oligodendrocyte integration and the addition of new internodes on discontinuously myelinated axons, while existing oligodendrocytes in white matter tracts exhibit changes in length and thickness of already formed internodes. This model would be consistent with carbon-14 dating studies showing that human white matter oligodendrocytes show very little turnover during life while gray matter oligodendrocytes continue to be added until the fourth decade (Yeung et al., 2014) . Testing this model will require live imaging and ultrastructural studies of both gray and white matter with varying degrees of neural activity.
Finally, the live imaging studies also have interesting implications for understanding neurodevelopmental diseases that impact cognitive function. The role of cortical myelination in disease has, apart from the recognition of demyelinating lesions within gray matter in multiple sclerosis, received little attention. The stability of cortical internodes, taken in conjunction with the observation that individual oligodendrocytes form their internodes within a few hours, suggests that variations in the size and number of internodes formed by an oligodendrocyte will be lifelong. It follows that any perturbations in myelination, such as those that might result from transient exposure to environmental toxins, i.e., drugs, from trauma or infection could, as a result of abnormally placed or formed internodes, alter circuit behavior and cognitive function permanently. Although speculative, such a conclusion emphasizes the power of these live imaging studies in forcing new thinking about the contribution of oligodendrocytes to brain disorders. Further studies that follow myelin over time in models of neurodevelopmental and neurodegenerative disease will undoubtedly add entirely new concepts to understanding these common and disabling diseases.
